The distribution of the archaeal communities in deep subseafloor sediments [0-36 m below the seafloor (mbsf)] from the New Caledonia and Fairway Basins was investigated using DNA-and RNAderived 16S rRNA clone libraries, functional genes and denaturing gradient gel electrophoresis (DGGE). A new method, Co-Migration DGGE (CM-DGGE), was developed to access selectively the active archaeal diversity. Prokaryotic cell abundances at the open-ocean sites were on average 3.5 times lower than at a site under terrestrial influence. The sediment surface archaeal community (0-1.5 mbsf) was characterized by active Marine Group 1 (MG-1) Archaea that co-occurred with ammonia monooxygenase gene (amoA) sequences affiliated to a group of uncultured sedimentary Crenarchaeota. However, the anoxic subsurface methane-poor sediments (below 1.5 mbsf) were dominated by less active archaeal communities, such as the Thermoplasmatales, Marine Benthic Group D and other lineages probably involved in the methane cycle (Methanosarcinales, ANME-2 and DSAG/MBG-B). Moreover, the archaeal diversity of some sediment layers was restricted to only one lineage (Uncultured Euryarchaeota, DHVE6, MBG-B, MG-1 and SAGMEG). Sequences forming two clusters within the Thermococcales order were also present in these cold subseafloor sediments, suggesting that these uncultured putative thermophilic archaeal communities might have originated from a different environment. This study shows a transition between surface and subsurface sediment archaeal communities.
Introduction
The sub-seafloor biosphere may comprise as much as two thirds of Earth's total prokaryotic biomass (Whitman et al., 1998) and extends to at least 1626 meters below the seafloor (mbsf) (Roussel et al., 2008) . Ubiquitous microbial communities present in the sub-seafloor play an important role in global biochemical cycles (e.g. D 'Hondt et al., 2004 ). The prokaryotic cell density drastically decreases with depth and decreasing available energy supply due to reduction in efficient electron acceptors and bioavailable organic carbon sources Schippers et al., 2005) . However, local increases in cell density sedimentary cover which could be the consequence of gas migration through the sediment 110 cover (Auzende et al., 2000) . 111
On the whole, the prokaryotic cell counts were within the limits of the general depth 112 distribution model , although the distribution at site MD06-3019 was 113 more heterogeneous than at the open-ocean sites, fluctuating between the lowest and 114 highest prediction limits (Fig. 2) . Moreover, the low cell number, between 7.5 mbsf and 10.5 115 mbsf at site MD06-3019, was correlated with the occurrence of driftwood in the sediment. 116
Therefore, as the core lithology comprised a succession of terrigenous sequences, the 117 heterogeneous prokaryotic cell number distribution and methane depth profile might be 118 related to the strong erosion events of New Caledonia. Although the prokaryotic abundances 119 at the open-ocean sites (MD06-3022, MD06-3026 and MD06-3028) were ~3.5 times lower 120 than at the site under terrestrial influence (MD06-3019), no correlation was found between 121 prokaryotic counts and biogeochemical data ( Archaeal community structure 127
Co-Migration DGGE (CM-DGGE).
One of the most revealing questions, in sub-seafloor 128 studies, is discriminating and identifying active and living from the dead or quiescent 129 microbial communities. Nucleic acid-based molecular analyses of deep sub-seafloor 130 microbial communities are limited, as sediment samples are usually characterized by low 131 biomass, limited material and the presence of PCR inhibitors (Webster et al., 2003) . 132
Fingerprinting techniques, such as DGGE, are recommended for describing the microbial 133 community structures, as a large number of samples can be analyzed (for review, see 134 Smalla et al., 2007) . However, as DGGE analyses can be biased by gel variations (e.g. 135 Archaeal communities in subseafloor sediments 7 (Fig. 3) . Whole 16S rRNA sequences, derived from RNA and DNA, were assigned to 71 164
OTUs based on a 95% genus level of phylotype differentiation (Schloss and Handelsman, 165 2004). Amplifiable DNA was obtained from all depths, and 1 to 13 OTUs were respectively 166 assigned per clone library. The DNA-derived clone libraries were named DNAxTy, where "x" 167 represents the core number and "y" the depth in centimetres of the clone library (Fig. 3) . 168
Amplifiable RNA was only obtained above 1.5 mbsf and was not detected at any other depth 169 ( The archaeal diversity of the seawater clone library (Fig. 3) was significantly different from all 176 sediment clone libraries (P < 0.01), suggesting that the detected Archaea are marine 177 sediment communities. Moreover, differences between all DNA-derived clone library diversity 178 indices (F ST and the exact test method) were statistically significant (P < 0.01) except 179 between 13 clone libraries distributed among three groups, as described in figure 3. The 180 clone libraries of each group were from similar lineage distributions and matched the cluster 181 analysis of DGGE band patterns, except for DNA28T450 ( Fig. 3 and S2 ). Both the cluster 182 analysis of DGGE band patterns and the distribution of archaeal lineages in clone libraries 183
showed distinct phylogenetical archaeal communities (except for the MG-1 lineage) either 184 restricted to surface (0 to 1.5 mbsf) or to subsurface (below 1.5 mbsf) sediment horizon ( Fig.  185 3 and S2) suggesting that these archaeal communities could be adapted to specific 186 sedimentary environmental conditions. 187
Archaeal diversity and metabolic activity: from the sediment surface to the subsurface 188 Sediment surface. The sediment surface archaeal communities of all clone libraries and 189 DGGE community structures above 1.5 mbsf were exclusively dominated by crenarchaeal 190 was exclusively composed of sequences related to marine groups, such as MG-1 (95%), 201 MG-2 (3%) and MG-3 (2%) (Fig. 3) . However, only two sequences (DNA19T150), out of 673 202 rRNA gene sequences from sediment samples, matched with sequences from the seawater 203 clone library (Fig. 4) , and amoA genes related to seawater phylotypes were not detected 204 (Fig. 6 ), which suggests that contamination of the sediment by seawater was negligible. As 205 the MG-1 phylotypes retrieved in the sediments were different from those found in the oxic 206 seawater, specific MG-1 subclades could be adapted to sedimentary suboxic conditions 207 (Teske and Sørensen, 2008) . 208
The active fraction of the archaeal community was assessed by Co-Migration DGGE (CM-209 DGGE) analysis of reverse-transcribed and PCR-amplified rRNA and compared to the DNA-210 derived archaeal community. By using the same primer sets and gel conditions as for the 211 previous DGGE analyses, we showed that the archaeal communities were most active 212 between 0 to 1.5 mbsf, as no rRNA was detected below 1.5 mbsf (Fig. 5 and S6) , and that 213 they were composed of MG-1 Archaea. Congruently, the two RNA-derived libraries 214 (RNA18T150 and RNA19T150) were dominated by sequences related to the same MG-1 215 sequences as the DNA-derived libraries (Fig. 4) demonstrating that these sediment surface 216 MG-1 communities were active. Moreover, insignificant F ST and P tests (P < 0.01) suggested 217 that the sequences from the DNA19T0, DNA19T2, DNA19T4, RNA18T150 and RNA19T150 218 (Fig. 6 ). These sequences formed 15 236
OTUs (based on a 2% cut-off) grouping in a distinct phylogenetic group of sequences from 237 sediments (Francis et al., 2005) . However, no amoA sequences related to water column 238
Archaea were detected (Francis et al., 2005) (Fig. 6) , suggesting that amoA sequences 239 retrieved were from archaeal communities adapted to sedimentary environments. Moreover, 240
amoA genes related to the sediment cluster were only retrieved at the depths where MG-1 241 rRNA genes were detected. Altogether, these evidences suggest that ammonia-oxidizing 242 could be one of the main archaeal activities at the sediment surface. 243
Subseafloor MG-1 Archaea were also detected at some sites below 1.5 mbsf characterized 244 by an extensive faulting in the sedimentary cover (MD-3026 and 3028; Fig. 3 ). These sub-245 surface MG-1 communities were phylogenetically related to the MG-1 Archaea found at the 246 Archaeal communities in subseafloor sediments 10 sediment surface horizon, and amoA genes related to MG-1 were only detected at depths 247 containing MG-1 rRNA genes. Therefore, these communities might be fuelled by ammonium 248 rich fluids originating either from seawater intrusion or from fluid advection from depth. 249
However, no RNA was detected from these depths, suggesting that sub-surface MG-1 are 250 less active or less abundant than the surface communities. 251
Sediment subsurface. The sub-surface archaeal community, restricted to depths below 1.5 252 mbsf, was composed of typical sub-seafloor lineages (Fig. 3, S4 environmental sequences from these environments ( Fig. S4 and S5 , highest similarity to 258 pure culture, 99%). The sediment-derived clone library diversities were very heterogeneous, 259 either strongly dominated by sequences related to Euryarchaeota or by sequences related to 260
Crenarchaeota (Fig. 3) . Overall, euryarchaeal lineages represented less than 1% of the clone 261 libraries from surface sediments (0 to 1.5 mbsf), whereas below they represented 59% (Fig.  262 3). The whole Euryarchaeota phylogenetic diversity was high, representing a total of 10 263 different lineages ( Fig. 3 and S4 Teske and Sørensen, 2008) . Sequences related to the very ubiquitous 268
Thermoplasmatales and MBG-D lineages were found in 44% of the libraries, representing 269 26% of the clones in the libraries below 1.5 mbsf (Fig. 3) , suggesting that these lineages 270 could be shallow sediment subsurface-dwelling Archaea (for review see Teske and 271 Sørensen, 2008) . The crenarchaeal sequences, detected below 1.5 mbsf, clustered into the 272 Miscellaneous Crenarchaeotic Group (MCG) (<1%) and the Marine Benthic Group B (MBG-273 B, also called DSAG) lineages (15%) (Fig. 3, Fig. S2 and S5 ). MCG Archaea are very 274 Euryarchaeota, DHVE6 and SAGMEG were not detected in any other sediment samples, 284
suggesting that these Archaea may have been selected by specific environmental conditions. 285
However, no archaeal rRNA was retrieved below 1.5 mbsf, presumably being below the 286 detection limit ( and chloride (r = 0.774; P < 0.0001) concentrations increased, whereas sulfate (r = -0.913; P 293 < 0.0001) and calcium (r = -0.931; P < 0.0001) concentrations decreased with increasing 294 depth (Fig. 2) . Although sulfate concentrations decreased with increasing depth at all sites, 295 suggesting the occurrence of sulfate-reducing prokaryotes, no genes encoding for the 296 dissimilatory sulfate reductase (dsr) were detected (data not shown), probably resulting from 297 a too low number of sulfate-reducing bacteria. Methane was the only volatile hydrocarbon 298 detected from all sites and co-occurred with relatively high concentration of sulphate (Fig. 2) . 299
Though concentrations at all sites were very low, the increase in methane concentrations at 300 sites MD06-3022 (r = 0.996; P < 0.001), MD06-3026 (r = 0.881; P < 0.05) and MD06-3028 (r 301 two sequences related to ANME-2 Archaea, a putative anaerobic methane oxidizer that is 325 usually found in association with SRBs (Hinrichs et al., 1999; Boetius et al., 2000) and rarely 326 detected in deeper subsurface sediments (Roussel et al., 2008) , were detected ( Fig. 3 and 327 S4), suggesting that methane and sulphate concentrations in these open-ocean sediments 328 might be sufficient to enable a detectable ANME biomass to develop. Moreover, MBG-B 329 retrieved from the DGGE and clone library analysis of MD06-3019 sediments below 1.5 mbsf 356 (Fig 3, S2) , was exclusively dominated by Thermococcales, a putative (hyper) thermophilic 357 (Kelley et al., 2002) . These sequences were shown to 359 form a unique cluster (Fig. 7) , named Thermococcales Group 1 (TG-1), within the genera 360
Thermococcus. TG-1 16S rRNA gene sequences contain a high GC content (66%), and 361 were related to sequences retrieved from sulphide rich hydrothermal environments (Summit 362 and The cores were aseptically sub-sampled on board, every 20 cm on the first 100 cm, and then 415 every 150 cm, using 5 mL syringes (luer end removed). The samples were then immediately 416 stored anaerobically at -80°C for molecular analysis and at 4°C for prokaryotic enumeration 417 and for enrichment cultures. 418
As a contamination control, seawater from the water column was collected (MD06-CTD2; 419 24°45.22'S, 163°36.95'E, 2690 meters water depth) using a CTD rosette and immediately 420 stored at -80°C. 421
Total prokaryotic cell enumeration 422
Total prokaryotic counts were determined, with an epifluorescence microscope (BX60, 423 Olympus™), by acridine orange staining, on subsamples stored at 4°C under anaerobic 424 conditions in the dark (< 5 days), as previously described . 425
Mineralogical composition of sediments 426
The mineralogy of 8 sediment samples from cores MD06-3018 and MD06-3019 was 427 determined by X-ray diffraction (XRD) analysis using a Bruker D8 Advance equipped with a 428 Cu X Ray tube and a Vantec detector. Samples were not dried before analysis and diffraction 429 patterns were obtained between 5 and 70 degrees. Mineral determination and semi-430 quantitative estimations were performed with the EUA program. 431
Geochemical analysis 432
Methane analyses were performed on cores MD06-3019, MD06-3022, MD06-3026, MD06-433 3027 and MD06-3028, at the end of each core segment (1.5 m long), using the headspace 434 technique. The cores were immediately sub-sampled on board using 5 mL syringes (luer end 435 removed) and added to headspace vials (20 mL) filled with a NaCl/HgCl 2 work solution. 436
Methane concentrations were determined using a HP 7694 automatic headspace sampler 437 connected to a HP 5890 gas chromatograph equipped with FID and TCD detectors. The 2-438 
RNA extractions and RT-PCR amplification 475
Total RNA was extracted from each uncontaminated frozen sample (5 × 1g) using the 476 The purified RNA product was immediately serially diluted (1 to 50 times) and reverse 492 transcribed using the OneStep RT-PCR kit (Qiagen™), according to the manufacturer's 493 instructions, with combination of 16S rRNA primers for Archaea with A8f-A1492r and the 494 following touchdown PCR protocol as previously described (Roussel et al., 2009) . To obtain 495 visible products, a nested PCR was performed as described for the 16S rRNA gene 496 amplification. Nested PCR assays, using the 16S rRNA primers for Archaea, without the 497 reverse transcribed step, showed no DNA contamination. 498
DGGE analysis 499
In order to obtain the general archaeal 16S rRNA gene depth diversity, a PCR-DGGE 500 analysis was performed. To avoid background interference, visualization of unspecific 501 fragments, and to increase sensitivity and resolution, nested PCR was performed as 502 described for the archaeal 16S rRNA gene amplification using a Cy3 labelled reverse primer 503
Saf-PARCH 519r*Cy3 or A344f GC -A915r*Cy3. All manipulations were performed in the dark. 504
The touchdown PCR protocol was as previously described (Casamayor et Chemicals, Dolores, CO). The DGGE profiles were analyzed by cluster analysis using the 518 
Co-Migration-DGGE analysis (CM-DGGE) 521
Co-Migration-DGGE analysis (CM-DGGE), a new approach based on DGGE was developed 522 in order to obtain the general archaeal depth diversity and associated active fraction. After 523 amplification of the PCR products, using two different fluorescent reverse labelled primers 524 from either total DNA or cDNA of the same sample, these were pooled and loaded into the 525 same lane. Archaeal 16S rRNA gene amplification was performed with primers A344f GC -526
A915r or Saf-PARCH 519r, labelled with either Cy3 or Cy5, following touchdown PCR 527 protocol as previously described (Casamayor et al., 2000; Nicol et al., 2003) . The DGGE 528 analysis and gel conditions were the same as described for the DGGE analysis, except that 529 loading and migration were performed in the dark. The gel was scanned using a Phospho 530 fluorimager Typhoon 9400  (Amersham Biosciences™). 531
Cloning and sequencing 532
According to archaeal DGGE profiles, 21 DNA-derived 16SrRNA gene, two RNA-derived 533 16S rRNA gene and two DNA-derived amoA gene clone libraries were constructed. To 534 minimize stochastic PCR bias (Polz and Cavanaugh, 1998) , five independent PCR products 535 were pooled, purified (QIAquick PCR purification Kit; Qiagen™), and cloned into Escherichia 536 coli (XL10-Gold; Stratagene™) using the pGEM-T Easy vector system I (Promega™) 537 following the manufacturer's instructions. Positive transformants were screened by PCR 538 amplification of the insert using the vector-specific M13 primers. Plasmid extraction, 539 purification and sequencing of the insert, were carried out by the sequencing Ouest-540
Genepole platform  of Roscoff Marine laboratory (France). 541
Phylogenetic analysis 542
Chimeras (Cole et al., 2003) were excluded from the clone libraries and a total of 771 543 sequences (including those from the 16S rRNA gene and amoA gene) were used for further 544 Archaeal communities in subseafloor sediments 21 phylogenetic analysis. The phylogenetic placement was carried out using NCBI BLAST 545 search program within GenBank (http://www.ncbi.nlm.nih.gov/blast) (Altschul et al., 1990) . 546
The 16S rRNA sequences (~553 bases) were then edited in the BioEdit 7.0.5.3 program 547 (Hall, 1999) and aligned using CLUSTALW (Thompson et al., 1994) . The phylogenetic trees 548 were constructed by the PHYLO_WIN program (Galtier et al., 1996) with neighbour-joining 549 method (Saitou and Nei, 1987) and Jukes and Cantor correction. The Thermococcales 550 dataset was further analyzed by Bayesian method. Bayesian trees were inferred using 551 and Crandall, 1998). The first 5000 trees were discarded (burn-in), keeping only trees 556 generated after those parameters stabilized. Phylogenetic trees were viewed using the 557 program TreeDyn (Chevenet et al., 2006) . The nonchimeric amoA sequences (~635 bases) 558 were translated into amino acids using BioEdit and then aligned using CLUSTALW, and the 559 PHYLO_WIN program with neighbour-joining algorithm and PAM distance (Dayhoff et al., 560 1978) was then used for phylogenetic tree construction. For the 16S rRNA and amoA 561 phylogenetic reconstruction, the robustness of inferred topology was tested by bootstrap 562 resampling (1000), values over 50% are shown on the trees. The richness from the clone 563 libraries was estimated, with the rarefaction curves at 99%, 97% and 95% sequence identity 564 levels, using the DOTUR program (Schloss and Handelsman, 2005) . Operational taxonomic 565 units (OTUs), using a 97% sequence similarity, were generated with the SON program 566 (Schloss and Handelsman, 2006) , and the percentage of coverage (Cx) of the clone libraries 567 was calculated by Good's method (Good, 1953) as described by Singleton and colleagues 568 (Singleton et al., 2001 ). Statistical estimators, the significance of population differentiation 569 among clone libraries (F ST ) (Martin, 2002) , and the exact tests of population genetic 570 differentiation (Raymond and Rousset, 1995) , were calculated using Arlequin 3.11 (Excoffier 571 et al., 2005) . 572 
